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ABSTRACT 
The second-order statistics of neural activity was examined in a model of the cat LGN and V1 
during free-viewing of natural images. In the model, the specific patterns of thalamocortical 
activity required for a Bebbian maturation of direction-selective cells in VI were found during 
the periods of visual fixation, when small eye movements occurred, but not when natural images 
were examined in the absence of fixational eye movements. In addition, simulations of 
stroboscopic reming that replicated the abnormal pattern of eye movements observed in kittens 
chronically exposed to stroboscopic illumination produced results consistent with the rep01ted 
loss of direction selectivity and preservation of orientation selectivity. These results suggest the 
involvement of the oculomotor activity of visual fixation in the maturation of cortical direction 
selectivity. 
Keywords: fixational eye movements, microsaccade, lateral geniculate nucleus, striate cortex, 
visual development, cat. 
Introduction 
A large percentage of cells in the primm·y visual cortex (Vl) respond preferentially to stimuli 
moving in a specific direction (Bubel and Wiesel, 1959, 1962). Neurophysiological recordings 
have shown that the activating regions of these cells shift gradually with time, producing space-
time inseparable receptive fields that cannot be represented as the product of separate spatial and 
temporal profiles (Movshon eta!., 1978; Reid eta!., 1987; McLean and Palmer, 1989; Albrecht 
and Geisler, 1991; Tolhurst and Dean, 1991; Reid eta!., 1991; DeAngelis eta!., 1993b). Little is 
known about the developmental origins of this space-time inseparability. As for other 
fundamental response characteristics of V1 neurons, direction selectivity appears to develop 
before the exposure to pattern vision. At the time of eye opening, a substantial percentage of 
cells in the cat striate cortex possess some degree of directional tuning (Bubel and Wiesel, 1963; 
Pettigrew, 1974; Blakemore and Van Sluyters, 1975; Albus and Wolf, 1984; Braastad and 
Beggelund, 1985). Nonetheless, the full maturation of direction selective responses requires 
visual experience (Movshon and van Sluyters, 1981; Sherman and Spear, 1982; Albus and Wolf, 
1984) and is affected by the type of visual stimulation, as shown by experiments with chronic 
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exposure to abnormal visual input (Olson and Pettigrew, 1974; Cynader and Chernenko, 1976; 
Kennedy and Orban, 1983; Cremieux eta!., 1987). 
The development of direction selectivity appears consistent with a large body of experimental 
evidence supporting a critical role for neural activity in the maturation of cortical receptive fields 
(for reviews, see Movshon and van Sluyters, 1981; Sherman and Spear, 1982; Fregnac and 
Schultz, 1999; Miller et a!., 1999). Although the precise mechanisms remain controversial, it is a 
long-standing proposal that neural activity may affect synapses via a process of Hebbian 
plasticity that stabilizes synchronously firing geniculate afferents onto common post-synaptic 
targets (Stent, 1973; Changeux and Danchin, 1976). Theoretical studies have shown that 
correlation-based rules of plasticity that operate initially on spontaneous neural activity and later 
on visually-driven responses are consistent with the development of the spatial characteristics of 
VI receptive fields (Linsker, 1986; Miyashita and Tanaka, 1992; Miller, 1994). Models have 
also shown that, by properly ordering afferents from geniculate cells with different response 
timings, Hebbian synapses are capable of producing space-time inseparable receptive fields in 
the presence of suitable patterns of conelated input stimulation (Wimbauer et a!., 1997a,b). 
However, direction selective receptive fields do not emerge when stimuli move with equal 
probability in every direction as occurs after eye opening (Feidler eta!., 1997; Wimbauer eta!., 
1997a,b; Blais eta!., 2000). 
Since direction selectivity first appears before exposure to external visual stimulation, it is 
important to determine whether, after eye opening, Hebbian plasticity is compatible with the 
maintenance and refinement of cells that already possess a directional bias. Previous modeling 
studies simulated external visual input by means of artificial environments or by arbitrarily 
translating cell receptive fields over an image, without attempting to replicate the input signals to 
the retina that occur during natural viewing. After eye opening, the spatiotemporal stmcture of 
visual input depends not only on the characteristics of the scene, but also on the way the observer 
moves during the acquisition of visual information. Eye movements, in particular, are always 
present during natural vision, as small but significant shifts of gaze continuously occur even 
when the eye is fixating on a stimulus (Ratliff and Riggs, 1950; Ditchburn, 1973; Steinman eta!., 
1973). By modulating neuronal responses, oculomotor activity may well affect the refinement of 
thalamocmiical cmmectivity. Interestingly, impairments in the plasticity underlying ocular 
dominance (Freeman and Bonds, 1979; Singer and Raushecker, 1982) and orientation selectivity 
(Buisseret et a!., 1978; Gray-Bobo eta!., 1986; Buisseret, 1995) have been reported in kittens 
when eye movements are prevented. Consideration of oculomotor activity could also provide the 
key to understand the puzzling loss of direction selectivity and preservation of orientation tuning 
observed in the striate cortex of cats reared under high-fi·equency stroboscopic illumination 
(Cynader and Chernenko, 1976; Pasternak eta!., 1985). Cats chronically exposed to stroboscopic 
light present peculiar anomalies in the patterns of eye movements that may profoundly alter the 
structure of neural activity (Conway eta!., 1981; Jones eta!., 1981). 
In previous studies, we simulated the responses of LGN and Vl neurons during free-viewing of 
natural scenes to investigate whether the second-order statistics of neural activity is consistent 
with the refinement and maintenance of the orientation selective responses of Vl cells (Rucci et 
a!., 2000; Rucci and Casile, 2003). On the basis of the results of these simulations, we proposed 
that the physiological instability of visual fixation might contribute to segregate the inputs fi·om 
geniculate neurons with different spatial properties (ON- and OFF-center) within the receptive 
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fields of VI simple cells. In this paper, we extend our analysis to the temporal domain and 
investigate the possible influences of eye movements on the maturation of the direction selective 
responses of VI simple cells. While both thalamocortical and corticocortical interactions are 
likely to be involved in the generation of directional tuning, several experimental findings 
suggest that inputs from LGN cells with different response latencies (Mastronarde, 1987; Saul 
and Humphrey, 1990; Wolfe and Palmer, 1998) provide an imp01tant contribution to the 
spatiotemporal inseparability of VI receptive fields (Saul and Humphrey, 1992; Ferster at a!., 
1996; Alonso et a!., 2001). The goal of this study is to determine whether the structure of 
thalamocortical activity present during natural viewing is also consistent with a segregation of 
thalamic afferents from neurons that differ in their temporal response characteristics. In the 
following simulations, we examine the second-order statistics of neural activity under normal 
viewing conditions, in the presence of specific types of eye movements, and in the presence of 
visual input that replicates the signals to the retinas of cats reared under stroboscopic 
illumination. 
Methods 
The experiments described in this paper simulated the responses of cells in the LGN and Vl of 
the cat while sequences of eye movements scarmed images of natural scenes. Some elements of 
the simulations have been previously described (Rucci et a!., 2000). This section focuses on the 
elements of the model that ar·e novel to this work. 
Modeling neural activity 
Simulations included populations of cells with different spatial and temporal characteristics in 
the LGN and direction-selective simple cells in VI. Neuronal responses to visual stimuli were 
modeled by means of linear (VI) or quasi-linear (LGN) spatiotemporal filters that replicated the 
changes in instantaneous firing rate with respect to the level of spontaneous activity. For both 
geniculate and cortical neurons, responses were generated on the basis of the spatiotemporal 
convolution between the input image, I, and the receptive field kernel K. Thus, the mean 
instar1taneous firing rate, rxy(t), of a cortical unit with a receptive field centered at position (x,y) 
of the visual field was given by: 
I oo oo 
rxy(t) = K(x,y,t) * l(x,y,t) = J J J K(x',y',t')I(x- x',y- y',t- t')dx'dy'dt', 
0 -CO-O? 
where (x,y) and t are the spatial and temporal variables and * indicates the operation of 
convolution. For geniculate units, the convoluted signal was followed by rectification with zero 
threshold. 
Lateral geniculate nucleus: Simulated geniculate neurons included ON- and OFF-center X cells 
with nonlagged, partially lagged and lagged temporal profiles. The activity of these cells was 
simulated following the model proposed by Cai eta!. (1997). For each cell, the spatiotemporal 
kernel KI.GN consisted of two additive components, representing the center (c) and the surround 
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(s) of the receptive field. Each of these two contributions was separable in its spatial (F) and 
temporal (G) elements: 
KLGN (x,y,t) = FJx,y)G,(t)- F,(x,y)G,(t). 
Spatial receptive fields were modeled as two-dimensional Gaussians: 
A x 2 + y 2 F(x,y)=(--
2 
)exp( 2 ), 27r0' 20' 
with spatial parameters estimated on the basis of published neurophysiological data, to replicate 
the activity of cells with receptive fields located approximately at 17° of visual eccentricity 
(Linsenmeier et al., 1982, Figs. 6-9). 
The temporal profiles of the kernels were modeled by the difference of two gamma functions, 
with the surround delayed with respect to the center: 
k2 [c2 (t-t2 )]"' exp(-c,(t-1 2 )) 
The temporal characteristics of lagged, partially lagged and lagged LON units were modeled by 
fitting temporal profiles recorded by Wolfe and Palmer (1998). Typical values of the parameters 
used in the simulations were: k1 = 0.56, k2 = 0.36, c1 = 65, cz = 77, n1 = 3, n2 = 7, for nonlagged 
cells; k1 = 0.5, k2 = 0.08, c1 = 100, cz = 40, n 1 = 7, n2 = 6, for partially lagged cells; and k1 = 
0.48, kz = 0.17, c1 = 115, cz = 150, n1 = 12, nz = 6 for lagged cells. For all the temporal 
profiles, 11 = lz = 0. 
Vl simple cells: The initial degree of direction selectivity exhibited by many V1 cells at the 
time of eye opening was simulated in two ways. In a first series of simulations, a space-time 
inseparable receptive field, Kv1, was constructed as the weighted sum of two separable receptive 
fields, K'1 1 and Kv1 2, that were identical except for a 90-degree difference in the phases of their 
spatial (S) and temporal (H) components (Jagadeesh et al., 1997; DeAngelis et al., 1999), 
VI ) VI Vl K (x,y,t =K1 (x,y,t)+aK, (x,y,t)=S1(x,y)H1(t)+aS2 (x,y)H2 (t). 
The parameter a , ranging from 0 to 1, regulated the level of inseparability of Kv1, with a space-
time separable receptive field produced by a = 0 and a strongly inseparable one given by a = 1 . 
The spatial stmcture of a cell receptive field was modeled by a Gabor function: 
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S( ) = (-2_([xcos(<D)- ysin(<D)]
2 [xsin(<D)+ ycos(<D)]')J (2 (f f, ) n 1) x,y exp 2 + 2 cos 1r xx+ ,Y +r 2 a b 
where 1> is a counterclockwise angle that defines the orientation of the elliptic Gaussian, a and b 
are the standard deviations, and !fx , J;.) and 'P are the spatial frequency and phase of the plane 
wave. Spatial parameters were adjusted individually for each simulated cell following 
neurophysiological data (Table I in Jones and Palmer, 1987). The temporal profile H was 
modeled as a difference of two gamma functions in a similar way to the profiles of geniculate 
cells. Temporal parameters were evaluated by fitting published data from neurophysiological 
recordings (DeAngelis et a!., 1999, Figures 7-9). Typical values of the parameters were: k1 = 
0.95, k2 = -0.5, c1 = 370, c2 = 290, n1 = 50, nz = 50. The response characteristics of simulated 
cortical units are given in Table I. Although it is known that nonlinear elements contribute to 
sharpen the directional tunings of simple cells (Albrecht and Geisler, 1991; Reid eta!., 1987, 
1991; Tolhurst and Dean, 1991), these nonlinear components were not included in the model, as 
they would not significantly alter the second-order statistics of thalamocmtical activity measured 
with linear responses. 
In a second series of simulations, the directional bias exhibited by cmtical neurons at the time of 
eye opening was modeled without specifying in detail the spatiotemporal stmcture of its kernel. 
The responses produced by the spatial receptive fields were simply modulated by a gain factor 
Ra that varied as a function of the distance between the direction of movement a and the unit's 
preferred directionS: 
where 0' controls the selectivity of the directional bias. 
Modeling eye movements 
Simulated oculomotor activity consisted of saccades, post-saccadic drift, and fixational eye 
movements. Both large and fixational saccades were modeled by a generalized exponential 
distribution of fixation times (Harris et a!., 1988) that produced an average of roughly 2 
saccades/s and replicated the amplitude distribution observed in the cat (Winterson and 
Robinson, 1974). The amplitude and direction of a saccade were randomly chosen so to keep 
fixation within the image. The duration of each saccade was proportional to its amplitude as 
described in the literature (Ditchburn, 1973). Saccades were followed in 70% of the cases by 
post-saccadic drift modeled on the basis of Olivier et a!. (1992) measurements with cats. The 
direction of post-saccadic drift was randomly chosen from a Gaussian distribution centered on 
the direction of the preceding saccade with standard deviation of I 0°. During post-saccadic drift, 
the speed of movement decreased exponentially with decay constant adjusted to produce a mean 
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velocity of approximately 15°/sec. Drift amplitude was randomly selected from a gamma 
distribution with mean 1.21 o and standard deviation 0.63° (Olivier et al., 1992). Fixational drift 
and tremor were modeled together on the basis of their frequency characteristics by 
approximating their power spectrum by means of a llf process in the frequency range 0-40 Hz 
(Eizemnan et al., 1985). 
Analysis of thalamocortical activity 
In the experiments, images of natural scenes were scanned by sequences of eye movements. 
Three viewing conditions were considered: (a) normal oculomotor activity, (b) saccadic eye 
movements only (the instability of fixation was eliminated), and (c) fixational eye movements 
only (the periods in which saccades occurred were excluded from data analysis). Eighty-two 
pictures extracted from a database of natural images (van Hateren and van der Schaaf, I998) 
were used in the simulations. These images consisted of I536x I 024 pixels, spanning an area of 
approximately 25 by 17 degrees of the visual field. The radial mean of the power spectrum was 
best interpolated by S(f)- F 185, which is consistent with the results of other studies (Ruderman 
and Bialek, I994). 
To determine the receptive fields that would emerge in the presence of Hebbian synapses, for 
each modeled cortical cell, we measured the levels of covatying activity with a population of 
2I66 LGN units. As shown in Fig. I, geniculate units were at-ranged in six I9x I9 arrays with the 
Y-axis parallel to the preferred orientation of the cortical cell. Cells in each array were similar in 
their spatial (ON- or OFF-center) and temporal (nonlagged, partially lagged or lagged) 
characteristics. In each array, the receptive fields of LGN units were evenly spaced to cover the 
entire receptive field of the considered VI simple cell. Correlation coefficients between the 
responses of a LGN and a VI unit were evaluated over an interval of duration T, which, 
depending on the experiment, covered the entire duration of the trial (5 s) or was restricted to a 
shorter period in which selected eye movements occurred. For each simulated VI simple cell, the 
cortical receptive field predicted by the patterns of thalamocortical activity was evaluated by 
pooling the inputs from the 2I66 geniculate units to compose a three-dimensional kernel. Each 
geniculate input was weighted by a factor (the synaptic strength) proportional to the con·elation 
coefficient between the responses of the pre- and post-synaptic elements. Space-time (X-T) maps 
were obtained by integrating the 3D receptive field along the axis Y of preferred orientation of 
the cortical cell. To evaluate spatial (X-Y) receptive fields, the X-Y-Tcube was sliced at the time 
TP'"' of maximum response. 
Receptive field characteristics were evaluated by means of standard indices. The degree of 
space-time inseparability was quantified as the ratio between the first two singular values of the 
space-time matrix (Space-Time inseparability Index, STI), an index that ranged from 0 for space-
time separable receptive fields to I for strongly inseparable receptive fields. Direction selectivity 
and orientation selectivity indices (DSI and OS!) were evaluated as in DeAngelis et al. (I993a,b) 
by analyzing the receptive fields in the frequency domain. 
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Figure 1 - Estimation of the receptive field of a VI simple cell predicted by the patterns of 
thalamocortical activity. (Left) Model of the early visual system of the cat. The six arrays in the 
simulated LGN contain cells with different spatial (ON- and OFF-center) and temporal (NL -
non-lagged, PL - pattially lagged, and L - lagged) characteristics. Different circles represent 
ON- and OFF-center geniculate units. The strength of each thalamocortical synapse is assumed 
to be proportional to the measured correlation coefficient between the activity of the post-
synaptic VI cell and that of the pre-synaptic geniculate unit. Thalatnocortical afferents are 
illustrated here only to clarify the procedure by which predicted receptive fields were evaluated. 
In the simulations, the responses of Vl units were modeled directly by means of spatiotemporal 
filters without relying on geniculate inputs. Center: Patterns of thalamocortical activity. The 
intensity of each pixel is proportional to the correlation coefficient between the considered 
cortical unit and a LGN unit with receptive field centered at the pixel's location. Each panel 
shows together the two ON- and OFF-center layers with the same temporal profile. Right: The 
predictedX-Y-Treceptive field was estimated by summing the spatiotemporal contributions fi·om 
all geniculate units, each weighted by its synaptic strength. Integrating the 3-D receptive field 
along the axis of preferred orientation (Y) produces a space-time (X-T) receptive field profile. 
Results 
Vl neurons exhibit some degree of directional selectivity before the exposure to visual input 
(Albus and Wolf, 1984). In a first series of experiments, we modeled this initial directional bias 
by properly structuring spatiotemporal receptive fields. The responses of five simple cells with 
space-time inseparable receptive fields were simulated following the approach proposed by De 
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Angelis et a!. (1999) (see Methods). As illustrated in Table I, these simulated cells possessed 
different degrees of direction selectivity and spatiotemporal inseparability, and differed in their 
preferred spatial and temporal frequencies. The mean index of direction selectivity was 0.8I ± 
0.07, which corresponded to a mean index of spatiotemporal inseparability of0.84 ± 0.06. 
TABLE I 
Parameters of simulated VI simple cells 
Optimal Optimal Direction Space-Time Orientation 
Spatial Temporal Selectivity Inseparability Selectivity 
Frequency Frequency Index Index Index 
Celli 0.39 4.4 0.88 0.81 0.94 
Cell2 0.42 4.3 0.7I 0.77 0.92 
Cell3 0.5I 5.4 0.79 0.84 0.96 
Cell4 0.59 4.4 0.89 0.86 0.98 
CellS 0.24 3.9 0.80 0.94 0.92 
Mean 0.43 ± 0.01 4.5 ± 0.5 0.8I ± 0.07 0.84 ±0.06 0.94 ±0.03 
In Fig. 2, the space-time receptive fields of the simulated VI units (first column) are compared to 
those predicted by the second-order statistics of neural activity measured in various experimental 
conditions. Each row shows the results for one of the five simulated simple cells. Each column 
refers to a different type of oculomotor activity. The second column in Fig. 2 illustrates the 
receptive fields measured in simulations that replicated the normal oculomotor behavior of the 
cat. In these experiments, natural images were scanned by sequences of eye movements that 
included both large saccades and fixational eye movements. Each image was examined for a 
total period of 250 s, divided in trials of 5 s, over which the stmcture of thalamocortical activity 
was analyzed. It is clear fi:om these data that the receptive fields that emerged from the patterns 
of co varying activity are not direction selective. For the five simulated cells, the mean direction 
selectivity index was 0.06 ± 0.1 and the mean index of space-time inseparability was 0.25 ± O.II. 
The structure of neural activity was heavily influenced by large relocations of gaze. Indeed, 
virtually identical results were obtained when fixational eye movements were eliminated and 
oculomotor activity included only large (non-fixational) saccades as illustrated in the third 
column of Fig. 2. Also in this case, emerging receptive fields were not separable in their spatial 
and temporal components (mean STI 0.25 ± O.II) and lacked direction selectivity (mean DSI 
0.07 ± 0.1). These results indicate that, in the presence of large saccades, a mechanism of 
synaptic plasticity based purely on the second-order statistics of thalamocortical activity would 
lead to a loss of direction selectivity in VI simple cells. 
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Figure 2 - Influences of oculomotor actlVlty on the refinement of the spatiotemporal 
characteristics of simple cell receptive fields. The results for five simulated VI units are shown 
on separate rows. The first column illustrates the X- T receptive fields of simulated cortical cells. 
The other columns show the X-T receptive fields predicted by the structure of thalamocortical 
activity for the cases of: (a) Normal oculomotor behavior (Free-viewing). Eye movements 
included both large saccades and fixational instability. (b) Saccades only (Saccades). The 
physiological jittering of visual fixation was eliminated. (c) Fixational instability (Fixation). 
Correlation coefficients were measured selectively during the periods of visual fixation when eye 
movements included drifts, ocular tremor and small fixational saccades. Spatial and temporal 
units are in degrees of visual angle and milliseconds. 
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Substantially different patterns of thalamocortical activity were obtained in the absence of large 
relocations of the direction of gaze. The panels in the rightmost column of Fig. 2 show the 
predicted space-time receptive fields when the analysis of the second-order statistics was 
restricted to the periods of visual fixation. To eliminate the influence of saccades, neuronal 
responses in the first 100 ms of each fixation were discarded, and correlation coefficients were 
measured over the remaining fixation periods. In this case, predicted receptive fields were 
similar to the spatiotemporal filters used to simulate neuronal responses. The mean DSI and STI 
of reconstructed receptive fields were, respectively, 0.72 and 0.69. Thus, patterns of correlated 
activity measured during the instability of visual fixation were consistent with the preservation of 
the space-time inseparability ofVl receptive fields. 
Table II summarizes several spatial and temporal parameters of the receptive fields predicted by 
the patterns of covarying activity. As shown by these data, in addition to the loss of direction 
selectivity, the receptive fields that emerged in the presence of nonfixational saccades also 
preferred unnatural spatial and temporal frequencies. In the striate cortex of the cat, neurons 
respond best to spatial frequencies in the range 0.2 to 0.8 cycles/deg while their optimal temporal 
frequency ranges from 1 to 5Hz. For example, DeAngelis eta!. (1993) reported a mean spatial 
frequency of 0.42 cycles/deg and an average temporal frequency of 2.6 Hz. The receptive fields 
of simulated Vl cells were designed to possess optimal spatial and temporal frequencies in these 
ranges. However, when eye movements included large saccades, the receptive fields predicted by 
the patterns of correlated activity preferred abnormally low spatial and temporal frequencies. 
These values contrast with those obtained during fixational instability, which were close to the 
parameters of simulated simple cells. The table also shows that the receptive fields obtained in 
the presence of fixational eye movements were similar to those measured in the presence of 
uniform drift at a speed of 15 deg/s, the average speed of post-saccadic drift reported in the cat 
(Olivier et a!., 1993), indicating that this drift contributed significantly to the structure of 
thalamocortical activity measured during visual fixation. As explained in the Methods, simulated 
saccades were often followed by periods of post-saccadic drifts, which provide ideal conditions 
for segregating the thalamocortical afferents that originate from LGN units with different 
temporal characteristics and preserving the space-time inseparability ofVl simple cells. 
Table II - Mean parameters of predicted receptive fields. 
Free-viewing Saccades Fixation Drift 
J)S Index 0.06±0.10 0.07±0.10 0.72±0.12 0.79±0.12 
STI Index 0.25±0.11 0.25±0.11 0.69±0.09 0.77±0.09 
OS Index 0.20±0.17 0.16±0.09 0.92±0.03 0.85±0.01 
Opt. spatial fr. 0.09±0.13 0.09±0.12 0.52±0.14 0.31±0.06 
Opt. temporal fr. 0.8±1.1 1.1±1.1 3.4±0.2 3.9±0.2 
10 
"" 
Q) 
0 
0 
g 
0 
0.4 
0.2 
Three elements contributed to the results of Fig. 2: The response properties of simulated neurons, 
the statistics of the visual scene, and the way the input stimulus was scanned by oculomotor 
activity. To better illustrate the influence of eye movements, Fig. 3 shows the patterns of 
covarying activity between a simulated cmiical neuron (Cell 1 in Fig. 2) and line arrays of LGN 
units. Geniculate cells were evenly spaced to section the receptive field of the Vl unit along an 
axis orthogonal to the cell's preferred orientation (Y = 2°). The two panels in Fig. 3 refer to the 
two cases of (a) saccades only, in which no fixational instability was present during the periods 
of fixation, and (b) fixational eye movements. In each graph, the three curves represent the 
correlation coefficients between the response of Cell 1 and those of non-lagged, partially lagged 
and lagged LGN units. In the case of saccades only, due to the high velocity of eye movements, 
cells were poorly driven during relocations of gaze, but responded vigorously at the onset of 
visual fixation. As illustrated in the left panel of Fig. 3, due to the lack of motion during visual 
fixation, geniculate cells with similar spatial propetiies were synclu·onously active when they 
possessed nearby receptive fields independent of their temporal response characteristics. This 
structure of covarying activity is not compatible with the development of a space-time 
inseparable receptive field. Over all simulated cortical units, correlation coefficients with 
geniculate cells with different response timings peaked at mean separations of only 0.12 ± 0.11 
(partially lagged-nonlagged cells) and 0.08 ± 0.1 (lagged-partially lagged cells). 
Saccades 
- NL 
• • • PL 
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Figure 3 - Predicted synaptic strengths of geniculate inputs to Cell I in the two cases of saccades 
only (left) and fixational instability (right). The three curves in each panel represent correlation 
coefficients between Cell I and non-lagged, pattially lagged, and lagged LGN units with 
receptive fields at different locations. The centers of LGN receptive fields were evenly spaced on 
the axis Y = 2° within Cell 1 's receptive field. Their position is represented on the x-axis. For each 
temporal profile, the correlation coefficient with an OFF-center geniculate unit was subtracted 
from the correlation coefficient with the ON-center cell centered at the same location. Thus, 
positive and negative values indicate that the VI unit tends to covary more strongly with either 
ON- or OFF-center LGN units. Whereas in the case of saccades only conelation coefficients 
peak at the same locations for geniculate cells with different temporal characteristics, the peaks 
measured during fixational instability are in different positions. 
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During fixational instability, the velocities of visual displacements were much lower than during 
saccades and LGN cells at different locations received input from the same visual source with 
some delay. As shown in the right panel of Fig. 3, Cell I covatied strongly with lagged, partially 
lagged and nonlagged LGN units at different locations, in a way that is consistent with the 
maturation of a space-time inseparable receptive field. In this case, the average distance between 
the peaks of correlation coefficients with geniculate units that possessed different response 
timings was 0.34 ± 0.16 (partially lagged-nonlagged) and 0.26 ± 0.14 (lagged-partially lagged). 
Interestingly, Hebbian synaptic plasticity predicts a joint refinement of the temporal and spatial 
characteristics of cortical receptive fields that is similar to that observed in the cat. 
Neurophysiological recordings have shown that whereas simple cells with a preference for low 
spatial frequencies change substantially their optimal temporal fi·equency during the critical 
period, small changes occur in the optimal temporal frequencies of simple cells that exhibit a 
preference for higher spatial frequencies. For example, De Angelis et a!. (1993) reported that the 
mean optimal temporal frequency of cells that prefer spatial frequencies below 0.4 cycles/deg 
shifts from 1.4 Hz at 4 weeks of age to 3.3 Hz in adult cats. During the same period, the optimal 
temporal frequency of cells that prefer spatial frequencies higher than 0.4 cycles/deg changes 
only fi·om 1.4 Hz to 2Hz (DeAngelis eta!., 1993). 
Fig. 4 provides an example of the joint maturation of optimal temporal and spatial frequencies 
predicted by the structure of thalamocortical activity. In this simulation, the receptive fields of 
two simple cells were designed to possess identical optimal temporal frequency (1.4 Hz) but 
different optimal spatial frequencies (0.2 and 0.4 cycles/deg). Apart from this difference, the two 
simulated units were designed to be as similar as possible in all of the other characteristics: the 
direction selectivity index was 0.45 for both units, and the two kernels were n01malized to 
possess equal unit energy. To simulate the effect of synaptic modifications during the critical 
period, the receptive fields of the two cortical units were modified starting from the original filter 
kernels by adding at every time-step of the simulation a contribution proportional to the 
measured correlation of thalamocortical activity. Levels of correlation were evaluated during the 
periods of visual fixation when small fixational eye movements occurred. As shown in the left 
panel of Fig. 4, the resulting receptive fields exhibited a preference for different temporal 
frequencies, while maintaining their optimal spatial frequency unaltered. When the low spatial 
frequency unit reached an optimal temporal spatial fi·equency of almost 3 Hz, the preferred 
temporal frequency of the other unit was still lower than 2 Hz. The right panel of Fig. 4 explains 
the origin of this difference. The magnitudes of synaptic changes, that is the levels of correlation 
between thalamic and cortical responses, differed for the two units. Since natural images are 
composed predominantly of low spatial frequencies, the 0.2-cycles/deg unit was significantly 
more active than the other. On average, the levels of thalamocortical correlation for this unit 
were more than six times higher than for the 0.4-cycle/deg unit. 
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Figure 4 - Joint development of the spatial and temporal characteristics of simple cell receptive 
fields predicted by Hebbian synapses. (Left) The increment in the optimal temporal frequency is 
more pronounced for a simulated unit that prefers low spatial frequencies. (Right) Spatial 
frequency tuning of the two simulated units. The dashed line approximates the power spectrum 
of natural images. During natural viewing, due to the predominance of low spatial harmonics in 
natural images, cells that respond best to low spatial frequencies exhibit higher levels of 
thalamocortical correlation. 
While the focus of this paper is on the refinement of direction selectivity, it should nonetheless 
be mentioned that also the refinement of orientation selectivity was profoundly affected by 
oculomotor activity. As shown in Table I, all simulated cortical units were designed to be 
orientation selective, a feature that originated from the elongated structure of the ON and OFF 
subregions in their spatial receptive fields. Modeling the influences of eye movements on the 
maturation of the spatial receptive fields has been the subject of previous publications (Rucci et 
a!., 2000; Rucci and Casile, 2004). As in these previous studies, the simulations of this paper 
produced orientation-selective Vl receptive fields when levels of correlated activity were 
measured during the periods of visual fixation, but not in the presence of large saccades. The 
mean indices of orientation selectivity were 0.16±0.09 in the case of saccades only, and 
0.92±0.03 during fixational instability. Fig. 5 shows the structure of the spatial receptive fields 
predicted in the presence of different types of oculomotor activity for one of the simulated 
cortical units. In the free-viewing condition, i.e. when eye movements included large saccades, 
the measured receptive field exhibited an abnormally wide ON region and did not include the 
OFF lateral subregions that were present in the spatial kernel of the filter that simulated the unit. 
As a consequence, the unit possessed a poor degree of orientation tuning. On the contrmy, the 
spatial receptive field predicted by the structure of thalamocortical activity measured during 
visual fixation was similar to the spatial component of the filter that implemented the Vl unit. A 
high degree of orientation selectivity was exhibited in this case. 
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Figure 5 - Influences of oculomotor activity on the refinement of the spatial characteristics of 
simple cell receptive fields. The top row compares the spatial receptive field of a simulated 
cortical unit (Cell 4) (Simulated) to those predicted by the patterns of covarying activity 
measured when oculomotor activity included large saccades (Free-viewing) or during the periods 
of visual fixation (Fixation). The continuous and dashed lines in the contour maps represent 
respectively ON and OFF subregions in the receptive field of the simple cell. In both axes, units 
are in degree of visual angle. The bottom row illustrates the orientation tuning curves of 
simulated and predicted receptive fields. Normalized responses (y-axis) are plotted for stimuli 
with different orientations (x axis). 
In the previous simulations, direction selective cortical cells were modeled by properly designing 
the kernels of spatiotemporal filters. Such a detailed specification of response properties is not 
necessary. In a second series of simulations, we modeled the direction selectivity of cortical units 
by means of a simple multiplicative gain that peaked for an arbitrarily chosen direction of motion 
(see Methods). Fig. 6 shows the receptive fields that emerged when natural images were scanned 
by fixational eye movements. The three rows illustrate the results for cortical units with three 
different levels of directional bias. The gain was high for the unit in the top row, medium for the 
unit in the second row, and almost absent for the unit in the third row. In all three cases, cortical 
units were designed to respond to stimuli moving in the direction of 180°. The directional tuning 
curves are shown in the left column of Fig. 6. As illustrated in the center column of Fig. 6, even 
in the absence of a detailed spatiotemporal specification of response characteristics, a preexisting 
directional bias resulted in the development of receptive fields that were inseparable in their 
spatial and temporal components. The degree of space-time inseparability of measured receptive 
fields reflected the selectivity of the gain. Predicted receptive fields were strongly space-time 
inseparable in the case of a strong directional bias (DSI = 0.96), moderately inseparable for a 
lower bias (DSI= 0.68) and nearly separable (DSI = 0.14) in the absence of a marked directional 
bias. As in the previous simulations, space-time inseparability was determined by the distances at 
which geniculate units with different temporal characteristics established synchronous 
modulations with the simulated Vl unit. As shown in the right column of Fig. 6, the separations 
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among the peaks in the patterns of covarying activity with lagged, nonlagged and partially 
lagged units increased with the specificity of the directional gain. 
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Figure 6 - Development of simple cell receptive fields in the presence of a preex1stmg 
directional bias. In these simulations, the directional bias exhibited by neurons at the time of eye 
opening was modeled by a multiplicative gain tuned for a direction of motion. The structure of 
thalamocortical activity was examined during the periods of visual fixation. The three rows show 
the results obtained with different degrees of directional bias. Each row shows the directional 
tuning curve of the gain (left), the emerging space-time receptive field (center), and the levels of 
covarying activity with nonlagged, partially lagged and lagged geniculate units in different 
positions (right). Graphic notations and unit of measurements are the same as the previous 
figures. 
A condition that is known to drastically impair the development of direction selectivity is 
stroboscopic rearing. Neurons in the striate cortex of kittens reared under chronic exposure to 
high frequency (8 Hz) stroboscopic light lack directional preference, while they appear normal 
with respect to other response properties, including orientation selectivity (Cynader and 
Chernenko, 1976). The reasons underlying such a selective loss of c01iical directional selectivity 
are not known. Interestingly, abnormal fixational eye movements have also been observed in 
kittens reared under 8-Hz stroboscopic illumination (Conway eta!., 1981; Jones eta!., 1981). 
Whereas saccades appear to be unaffected by stroboscopic rearing, the visual fixations of cats 
chronically exposed to stroboscopic illumination are characterized by drift with speed in the 
range 0.2-1.0 deg/s and by a pronounced nystagmus with main frequency equal to that of the 
strobe. In a series of simulations, we investigated whether the interaction between abnormal 
oculomotor behavior and the exposure to stroboscopic illumination could alter the structure of 
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neural activity in a way that is consistent with experimental findings. Stroboscopic illumination 
was modeled by alternating visual stimulation and periods of darkness 8 times per second. 
During each pulse, visual input was presented for 1 ms and was then followed by an 
exponentially decaying retinal persistence with time constant of 40 ms. Simulated eye 
movements were designed to replicate the oculomotor activity of strobe-reared kittens. The 
abnmmal eye movements observed in these kittens were modeled by superimposing sinusoidal 
oscillations of 8 Hz with average amplitude of 0.5° to the normal pattern of fixational instability. 
A trace of simulated eye movements is shown in Fig.7. 
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Figure 7 - Simulated oculomotor activity of kittens reared under stroboscopic illumination 
(compare to Fig.! in Conway et a!., 1981 ). Chronic exposure to 8 Hz stroboscopic light during 
the critical period produces abnormal fixational eye movements: a pronounced nystagmus with 
main frequency equal to that of the strobe is superimposed to the drift of fixation. Saccades are 
unaffected by stroboscopic rearing. 
Fig. 8 shows the receptive fields predicted by the stmcture of thalamocortical actlVIty in 
simulations of stroboscopic rearing. As in Fig. 2, the results for the five simulated simple cells of 
Table I are shown on separate rows. Conelation coefficients between geniculate and cortical 
responses were evaluated during the periods of visual fixation. For each simulated simple cell, 
the two columns on the left of Fig. 8 compare the space-time profile of the filter that 
implemented the unit to the receptive field predicted by the second-order statistics of neuronal 
activity. The spatial characteristics of simulated and predicted receptive fields are compared on 
the two right columns. It is clear from these data that the receptive fields reconstmcted from 
thalamocortical activity were selective for stimulus orientation but not for the direction of 
motion. The average indices of orientation and direction selectivity over the 5 simulated VI units 
were 0.90 ± 0.02 and 0.16 ± 0.05 respectively. 
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Figure 8 - Refinement of the spatiotemporal characteristics of simple cell receptive fields in 
simulations that replicated the conditions of stroboscopic rearing. The results for five simulated 
Vl units are shown on separate rows. The two columns on the left compare the X-T receptive 
fields of the filters that simulated simple cells to those predicted by the patterns of 
thalamocortical activity (Space-Time RF). The two columns on the right compare X- Y receptive 
fields (Spatial RF). Patterns of covarying activity were measured during the periods of visual 
fixation when abnormal fixational eye movements occurred. 
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Fig. 9 gives examples of the patterns of covarying activity measured in these simulations. The 
two panels show the correlation coefficients between two simulated simple cells (Cell 1 and Cell 
3 in Table I) and line arrays of LGN units with different spatial and temporal characteristics. The 
receptive fields of geniculate units were aligned on the axes orthogonal to the preferred 
orientations of the simple cells as in Fig. 3. Similar to the case in which oculomotor activity 
included large saccades, geniculate units with different temporal characteristics and nearby 
receptive fields covaried strongly with the responses of the Vl units. This structure of 
thalamocortical activity is not compatible with the emergence of space-time inseparable 
receptive fields. However, within each geniculate population with a specific response timing, the 
correlation coefficients of ON- and OFF-center units reached their highest values in different 
locations. That is, during visual fixation, synchronously modulated pools of ON- and OFF-center 
geniculate units existed. The spatial organization of these neuronal ensembles matched the ON 
and OFF subregions present in the receptive fields of V1 units. The presence of a spatial 
segregation in the responses of LGN cells with different spatial characteristics but not with 
different response timings predicts a preservation of orientation selectivity and a loss of space-
time inseparability. Such a specific impairment of direction selectivity is consistent with 
experimental findings with strobe-reared kittens. 
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Figure 9 - Predicted synaptic strengths in the simulations of stroboscopic rearing. The three 
curves in each panel represent correlation coefficients between a simulated simple cell (left: Cell 
1; right: Cell 3) and line arrays of non-lagged, partially lagged, and lagged LGN units. LGN 
receptive fields were evenly spaced on the axis Y = 2° within the simple cell receptive fields. The 
positions of the centers of geniculate receptive fields are represented on the x-axis. A positive 
(negative) value at location x indicate that the considered simple cell tends to covary more 
strongly with an ON-center (OFF-center) LGN unit with receptive field centered at x. A spatial 
segregation occurs in the activity of geniculate units with different spatial characteristics, but not 
in the responses of units with different timings. 
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Discussion 
In this study, we simulated the responses ofLGN and VI neurons when images of natural scenes 
were scanned to replicate the oculomotor behavior of the cat. In the simulations, fixational eye 
movements modulated neuronal responses in a way that was consistent with a Hebbian 
maturation of VI cells with space-time inseparable receptive fields. Consideration of fixational 
eye movements also accounted for the simultaneous loss of directional preference and 
preservation of orientation selectivity observed in the striate cortex of kittens reared under 
stroboscopic illumination. These results suggest that eye movements play an important role in 
the maintenance and refinement of the direction selective responses of VI neurons. 
Similar to previous modeling studies on the development of direction selectivity (Feidler et al, 
1997; Wimbauer eta!., 1997a,b; Blais eta!. 2000), the simulations of this paper have focused on 
the refinement of thalamocortical connectivity. While various mechanisms are likely to 
contribute to direction selectivity (Suarez eta!., 1995; Maex and Orban, 1996; Chance et a!. 
1998; Crook et a!., 1998; Murthy and Humphrey, 1999), several observations indicate that the 
linear combination of spatially segregated inputs from LGN cells with different response timings 
is a crucial element for the space-time inseparability of VI receptive fields (Mastronarde, 1987; 
Saul and Humphrey, 1990; Wolfe and Palmer, 1998). For example, it has been reported that the 
temporal responses of VI cells elicited from different locations of their receptive fields resemble 
those of lagged and non-lagged neurons (Saul and Humphrey, 1992). Furthermore, little changes 
in direction selectivity have been observed when intracortical interactions are attenuated by 
cooling of the cortex (Ferster at a!., 1996). Following the experimental observation that the 
distribution of geniculate timings is not strictly bimodal (Wolfe and Palmer, 1998), the 
simulations of this paper included populations of geniculate cells with three different temporal 
characteristics: non-lagged, partially lagged and lagged. These three profiles were assumed to be 
equally frequent in the simulations. Results were however little affected by assuming biases in 
the distribution that favored non-lagged and lagged neurons. Simulations in which the patterns of 
thalamocortical activity were weighted so as to simulate a smaller number of partially lagged 
cells produced results that were similar, with a lower degree of space-time inseparability, to 
those described in this paper (data not shown). 
A number of important issues differentiate our study fi.·om previous models. A central point 
regards the assumption, shared by some previous models, that exposure to external visual 
experience is responsible for the initial emergence of space-time inseparable receptive fields 
(Blais et a!., 2000). Previous studies have shown that rules of synaptic plasticity purely based on 
the correlation or covariance of thalamocortical responses are incapable of producing space-time 
inseparable receptive fields during exposure to visual input (Feidler eta!., 1997; Wimbauer eta!., 
1997a,b; Blais et a!. 2000). However, data from neurophysiological recordings indicate that 
direction selective responses are present very early after eye opening (Pettigrew, 1974; Braastad 
and Heggelung, 1985; Albus and Wolf, 1984). For example, in the study by Albus and Wolf 
(1984) 43% of recorded cells possessed some degree of direction selectivity at the time of eye 
opening: 5% of the neurons were sharply direction-selective, while 38% exhibited a lower degree 
of directional tuning (direction-biased cells). The overall percentage of neurons sensitive to the 
direction of motion changed relatively little during the critical period. By the beginning of the 
forth week 28% of the cells were direction selective and 33% direction biased. The results of our 
study show that Hebbian synapses are consistent with a maturation of direction selective 
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receptive fields after eye opening if the initial directional bias of VI simple cells is taken into 
account. In this view, visual experience contributes to the maturation of direction selectivity by 
refining the receptive fields of cells that already possess an initial directional preference. The 
small increase in the total number of direction selective neurons reported by Albus and Wolf 
(1984) during the critical period may originate from counting at four weeks of age cells with a 
bias that was too weak to be detected reliably at the time of eye opening. A question that was not 
investigated in our simulations is how the initial preference for a direction of motion might 
emerge before eye opening. Uneven responses to different directions of motion could originate 
from a number of sources. For example, computational studies have proposed that competition 
among geniculate afferents during spontaneous activity may be responsible for the development 
of orientation selective responses (Linsker, 1986; Miyashita and Tanaka, 1992; Miller, 1994). 
Similar processes may also account for the appearance of directional biases (Wimbauer et al., 
1997a,b). The results of our simulations show that, independent of its origin, an initial preference 
for a direction of motion will be strengthened by Hebbian synapses during active exposure to 
visual stimulation. 
A further distinction between our study and previous models is the emphasis placed on 
oculomotor activity. Whereas previous models have arbitrarily shifted simulated receptive fields 
over an input image, this stndy is the first to model in detail the oculomotor behavior of the cat in 
order to explicitly analyze the influence of eye movements on direction selectivity. In earlier 
publications, we have proposed that the normal instability of visual fixation is an essential 
component of the process underlying the segregation of inputs fi·om ON and OFF-center 
geniculate cells into adjacent subregions in the receptive fields of cortical nemons (Rucci et al., 
2000; Rucci and Casile, 2004). According to this proposal, fixational eye movements attenuate 
neural sensitivity to the broad correlations of natural scenes and establish a regime of neural 
activity that is compatible with a Hebbian refinement of the spatial organization of simple cell 
receptive fields. By showing that the stmcture of neural activity during fixational instability is 
also compatible with a segregation of geniculate afferents from cells with different response 
timings, the results of this study extend our previous analysis to the temporal domain and to 
direction selectivity. Possible mechanisms by which synaptic modifications could be constrained 
to occur during the periods of visual fixation are discussed in Rucci et al. (2000). 
An important outcome of explicitly considering oculomotor activity is the capability to account 
for the puzzling developmental consequences of high-frequency stroboscopic rearing. In addition 
to producing a loss of direction-selective V1 neurons, stroboscopic rearing also results in the 
development of abnormal fixational eye movements (Conway et al., 1981; Jones et al., 1981). In 
simulations that replicated the input to the retinas of cats reared under 8-Hz stroboscopic light, 
the second-order statistics of nemal activity exhibited a spatial segregation in the responses of 
geniculate cells that differed in their spatial characteristics but not in the activity of neurons with 
different response timings. In the presence of Hebbian synapses, this stmcture of thalamocortical 
activity would lead to nemons that possess a preference for stimulus orientation but lack 
direction selectivity similar to those observed in the striate cortex of strobe-reared kittens. To our 
knowledge, this is the first model that provides a computational account of the developmental 
impact of stroboscopic rearing. It should be noticed that the effect of stroboscopic rearing in our 
model is not analogous to the case of high-velocity eye movements as speculated by Blais et al. 
(2000). In our simulations, saccades led to a loss of both orientation and direction selectivity. 
Humphrey et al. (1998) suggested that strobe rearing might prevent the convergence of inputs 
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with different response timings onto simple cells in Vl. We predict that LGN cells with different 
timings do project onto the same cortical cell, but they project from similar spatial locations. 
Since their contributions blend together, they cannot be easily distinguished. This contrasts with 
the case of normally developed simple cells, for which non-lagged and lagged inputs originate 
from different spatial positions and can be clearly identified (Saul and Humphrey, 1992). 
The fact that eye movements might exe1t such a profound influence on the refinement of cortical 
receptive fields should not come as a surprise. Small fixational eye movements are ubiquitously 
present during the acquisition of visual information (Ratliff and Riggs, 1950; Ditchbum, 1973; 
Steinman et a!., 1973), and they have been recently shown to contribute to the identification of 
stimuli presented for periods comparable to the brief durations of natural fixation (Rucci and 
Desbordes, 2003). Visual responses to fixational eye movements have also been recorded (Gur et 
a!., 1997; Leopold and Logothetis, 1998; Martinez-Conde eta!., 2000; Snodderly eta!., 2001). 
Furthermore, eye movements appear to be a crucial element for nonnal visual development 
(Hein et a!., 1979). Impairments in the plasticity underlying both ocular dominance (Freeman 
and Bonds, 1979; Singer and Rauschecker, 1982) and orientation selectivity (Buisseret et a!., 
1995) have been observed in kittens exposed to visual experience with their eyes paralyzed. 
While a few hours of normal visual experience within a critical period are sufficient to 
reestablish orientation selective responses in dark-reared kittens, elimination of eye movements 
during exposure to light prevents such restoration (Buisseret et a!., 1978; Gary-Bobo et a!., 
1986). It has been reported that in the presence of eye movements a normal reestablishment of 
orientation selectivity occurs even if other movements of the body are selectively prevented 
(Buisseret and Gmy-Bobo, 1979). 
In the simulations of this paper, to isolate the spatiotemporal changes produced by oculomotor 
activity, eye movements were the only source of motion between the stimulus and cell receptive 
fields. During natural viewing, the motion of the stimulus on the retina may originate from 
factors other than eye movements, including the presence of moving objects in the scene and 
different types of motor activity of the observer. Further studies are needed to investigate how 
these sources of motion affect the statistics of neural activity and their possible influences on 
visual development. 
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